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Molecular structures of solid/liquid interfaces are of fundamental interest, and 
play significantly in the efficiencies of energy storage and conversion. To elucidate 
the structures of electric double layers at electrochemical interfaces under bias 
potentials, we have collaborated in situ Raman spectroscopy and ab initio 
molecular dynamics, and for the first time distinguished two structural transitions 
of interfacial water at electrified Au(111) and Au(100) single crystal electrode 
surfaces. Towards negative potentials, the interfacial water molecules evolve from 
structurally “parallel” to “one-H-down”, and further to “two-H-down”. 
Concurrently, the number of hydrogen bonds among the interfacial water shows 
an overall decrease along with the negative shift of the potential, and undergoes 
two transitions as well. Our findings shed light on fundamental understanding of 
electric double layers and electrochemical processes at the interfaces. 
 
Solid/liquid interfaces are ubiquitous in nature and knowledge of their atomic level 
structures is essential in elucidating many phenomena in chemistry, physics, materials 
science and earth science1-3. Particularly in electrochemistry, the detailed structures of 
interfacial water such as orientation and hydrogen-bonding network in electric double 
layers (EDL) under bias potentials, have significant impact on electrochemical 
performances of electrode materials, e.g. in electrocatalysis including oxygen reduction 
reaction4-6 and hydrogen evolution reaction7,8. Fundamental understanding of the EDL 
structures would help chemists to develop strategies to engineer electrochemical 
interfaces to improve efficiencies of electrochemical devices.  
Buried between electrodes and electrolytes, electrochemical interfaces are 
notoriously difficult to probe, and enormous efforts, both experimentally and 
computationally, have been devoted to this endeavor9-13. Although some progress has 
been made, the microscopic structures of electrochemical interfaces are still elusive and 
remain a great challenge in physical sciences. For example, radiation source-based X-
ray techniques have been used to investigate the interfacial water structure in the first 
2~3 molecular layers close to electrode surfaces9,12. By employing X-ray scattering 
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technique9, the water density distribution profile in the first water layer on Ag electrode 
surface has been revealed, and the corresponding averaged water density is dependent 
of the bias potential. With X-ray absorption spectroscopy, Velasco-Velez et al.12 have 
showed that dangling O-H bonds exist in the interfacial water on both negatively and 
positively charged Au surfaces. However, the X-ray-based techniques are insensitive 
to hydrogen element and thus bear little information for complex hydrogen-bonding 
networks at interfaces.  
Vibrational spectroscopies, such as IR, sum-frequency generation (SFG), and Raman, 
are featured at investigating the nature of oxygen-hydrogen bonds and the chemical 
environment of interfacial water14-18, and have been widely used in electrochemistry. 
Particularly, plasmon-enhanced Raman spectroscopies have unique advantages in 
extracting fingerprint vibrational signatures of adsorbed species even at very negative 
potentials accompanied with extensive solvent reactions17,19. Several structural models 
of interfacial water have been proposed based on vibrational spectroscopic 
measurements, partly due to the ambiguity in interpretation of the spectra.  
For example, using IR spectroscopy, Osawa et al.14 have found that the O-H···M 
vibrational mode is absent in their obtained difference spectra, and suggested that water 
molecules bind to the metal electrode via O atoms under negative bias potentials. This 
interpretation is somewhat at odds with the general belief in the field that interfacial 
water would point O-H bonds towards negatively charged electrode surfaces in 
response to the electric field in EDL. The latter has gained support from Raman20 and 
SFG21 measurements, and computational studies12,22. So far, tetrahedrally-coordinated 
water23,24, trihedrally-coordinated water23,24, surface specifically adsorbed water16, 
hydrophobic water21, etc. have been reported at metal/water interfaces using various 
vibrational spectroscopy techniques. However, a clear picture on how these types of 
interfacial water change in response to the applied potential is still missing16,20,21. 
Furthermore, spectroscopic studies of interfacial water such as Raman are limited to the 
surfaces with ill-defined structures, such as nanoparticles and polycrystalline 
electrodes17,20,25. Probing the interfacial water at single crystal surfaces would be much 
preferred, as it can be closely correlated with theoretical calculation to reveal the 
interfacial reaction mechanisms and structure-dependent activities at the atomic level. 
Aiming at unraveling the structures of interfacial water in EDL, in this work we have 
combined in situ Raman spectroscopy and ab initio molecular dynamics (AIMD) to 
study interfacial water at Au single crystal electrodes under bias potentials. Both 
experiment and theory have observed two transitions in the O-H stretching vibrational 
modes of interfacial water when sweeping to negative potentials, which can be 
attributed to the transitions in water configurations in EDL.  
 
Probing Au/water interfaces  
The in situ electrochemical shell-isolated nanoparticle-enhanced Raman 
spectroscopic (SHINERS) technique has been carried out to investigate interfacial 
water at atomically flat electrode surfaces (Fig. 1a). Plasmonic SHINs, as Raman signal 
amplifiers, magnify the signals from interfacial water at Au electrode surfaces, and 
chemically inert silica shells protect the “amplifiers” from direct contact with the target 
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surfaces, electrolytes and environment (See Methods for detailed experimental setup 
and Supplementary Fig. 1 for electron microscope characterization of SHINs). As 
calculated by three-dimensional finite difference time domain (3D-FDTD)_method 
(Fig. 1b), Raman signal enhancement (G) in the “hot spot” between Au SHIN and single 
crystal surface is more than six orders of magnitude. Furthermore, to obtain the atomic 
structure of interfacial water, we have employed AIMD to simulate the EDL at 
Au/water interfaces. Thanks to ever increasing computing power and development of 
efficient algorithm, compact Helmholtz layers, usually within 3~5 angstroms from 
electrode surfaces, are now within the reach of AIMD. As an important complementary 
tool, AIMD has recently been used to investigate water structures12 and electronic 
energy levels26 at electrochemical interfaces. Especially, the recently developed 
computational standard hydrogen electrode method26,27 enables us to determine the 
electrode potentials of simulated interface models, making it possible to link the AIMD 
structures to realistic electrochemical conditions. Fig. 1c is a schematic representation 
of EDL at a Au(111)/aqueous solution interface according to the Stern model (the 
Gouy-Chapman layer can be omitted at high ionic strength conditions); an electric field, 
screened by the interfacial water, is generated by the charged metal surface and outer 
Helmholtz layer (OHP), leading to a potential drop across the Helmholtz layer. 
 
Figure 1 | Probing interfacial water on Au single crystal electrode surfaces. a, 
Schematic illustration of Au shell-isolated nanoparticles (SHINs)-single crystal surface 
coupling mode, in which the “hot spots” of electric field largely enhance Raman signals 
of water at the interface. b, 3D-FDTD calculation of Raman enhancement distribution 
of the coupling configuration between Au surface and a 2 × 2 array of Au SHINs, where 
k and E0 denote wave vector and electric field of incident light, respectively. c, 
Schematic representation of an EDL model, where Au, O, H, and Na atoms are colored 
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by yellow, red, white, and blue. The symbols, σs, OHP, and E represent surface charge 
density, outer Helmholtz plane, and electric field.  
 
Figs. 2a and 2b shows the Raman spectra of O-H stretching mode (O-H) and H-O-H 
bending mode (δH-O-H) of interfacial water at Au(111) surface measured by in situ 
electrochemical Raman (the libration modes in the low spectral frequency range are 
supplemented in Supplementary Fig. 2), in which the corresponding electrode potential 
is referred to the potential of zero charge (PZC) of Au(111) (i.e. 0.29 V vs. Ag/AgCl28). 
We are able to separate each spectrum with three Gaussian peaks with good fitting 
coefficients, indicating three different kinds of water present at the interfaces, and 
similar assignments have been also suggested in literature12,16,21,23,24. As shown in 
Supplementary Fig. 3, the same decomposition can also be applied to the spectra 
measured at the Au(100) surface. In Figs. 2a and 2c, we notice that both of the 
frequencies and intensities of the three peaks show strong dependence on the electrode 
potential, suggesting that the obtained Raman signals mainly come from the first few 
water layers close to the metal surface16. We assign the peak at a higher wavenumber 
(~3600 cm-1) to the dangling O-H bonds of the interfacial water, consistent with the 
assignment recently reported by XAS12 and SFG21 measurements on the Au electrode. 
The peaks at ~3450 and ~3300 cm-1 were attributed to trihedrally- and tetrahedrally-
coordinated water at the interface based on the previous SFG results from 
quartz/water23 and metal/water16,24,29 systems. We further analyze the intensity change 
of these three peaks along with the potential shift, as illustrated in Fig. 2c. We first 
notice that the intensity of the trihedrally-coordinated water dominates in all the 
potential range, suggesting that the interfacial water mainly consists of trihedrally-
coordinated water on Au(111)24,29. Furthermore, the intensities of trihedrally- and 
tetrahedrally-coordinated water show a similar trend; both have a dramatic increase 
when the potential sweeping from -0.29 to -1.29 V vs PZC, and they are reduced to 
~70% of the maximum value and almost zero, respectively, when the potential goes 
below -1.29 V vs PZC. Also, we find the intensity of the dangling O-H bonds has a 
steep increase at potential below -1.68 V vs PZC. 
It is even more interesting to note the potential dependence of the Raman frequency 
of the interfacial water at the Au(111) surface, as shown in Fig. 2e and Supplementary 
Fig. 4. We observe a general decrease towards the negative potential, and interestingly 
two distinct transitions at -1.29 V and -1.85 V. A similar transition in the Stark tuning 
rate of O-H was previously observed at the Ag electrode20. We attribute the negative 
shift of the Raman frequency to the Stark effect30, while the observed transitions are 
not well recognized before and dependent of the surface, as can be found at Au(100) or 
Au nanoparticles surface17. Also, the libration mode reveals an increasing intensity 
during the transitions (see Supplementary Fig. 2b), which indicates an ordered structure 
of interfacial water on electrified electrode surfaces25. To elucidate these two transitions, 
AIMD simulations have been used to model the Helmholtz double layers at the 
Au(111)/water interface at potentials negative to the PZC. In the AIMD models (see 
Fig. 1c and Supplementary Fig. 5), Na+ ions serve as counterions, compensating the 
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negative charges at the electrode surface and keeping the cell overall charge neutral. 
The Au(111) surfaces are H-free in all the models, as indicated by the Raman 
experiments that there is no Au-H stretching mode observed. By varying the surface 
charge density (i.e. the number of Na+ ions in the cell), we are able to control the 
electrode potential ranging from 0 to -2.16 V vs. PZC, similar to the voltage window 
studied in our Raman experiment. Fig. 2d shows the calculated velocity density of states 
(VDOS) of interfacial water corresponding to O-H at different potentials, and the 
frequencies of maximum positions as a function of potential are plotted in Fig. 2e for 
comparison with the Raman experiments. It is interesting to note that the trend, i.e. two 
turning points at potentials around -1.3 V and -1.9 V, is reproduced by our AIMD 
simulations. These two turning points separate the potential range down to ~-2.13 V vs 
PZC into three regions (see Fig. 2e), and the Stark tuning rate in Region II (-1.3 V~-1.9 
V vs PZC) is significantly larger than those in Region I (above -1.3 V) and III (below -
1.9 V).  
 
Figure 2 | Vibrational spectra of interfacial water at Au single crystal electrode 
surfaces. a, In-situ electrochemical Raman spectra (grey curves) of O-H stretching 
mode at Au(111) surface measured in a 0.1 M Na2SO4 solution. They are fitted with 
three Gaussians colored in red, blue, and black, respectively; b, Raman spectra of H-
O-H bending mode interfacial water at Au(111) surface; c, The intensities of three 
peaks of interfacial water at the Au(111) electrode surface. The peak 1, 2, and 3 
correspond to the fitted Raman peaks with the small, medium, and large wavenumber 
shown in a, respectively. The intensities of the three peaks are normalized with respect 
to the maximum value of peak 2. d, Calculated velocity density of states (VDOS) 
corresponding to the O-H stretching mode of interfacial water at Au(111) surface; e, 
Comparison of experimental and calculated frequency of O-H stretching mode of 
interfacial water as a function of the applied potential at Au(111) surface. The data 
points in Region I, II and III are linearly fitted. 
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Water structure in EDL  
The good agreement achieved between experimental and simulated spectra is 
encouraging, and we have further investigated how the water structures in the EDLs 
change at different potentials. The distribution profiles of oxygen density (ρO), 
hydrogen density (ρH), and dipole orientation (ρO • cosφ, where φ is the angle between 
surface normal and bisector of water molecule) along the direction normal to the surface 
are shown in Fig. 3a. To further elucidate the water orientation in the EDLs, we have 
also analyzed the probability distributions of φ and the angle between surface normal 
and O-H bond direction (denoted by θ), as plotted in Fig. 3b. We first note that at PZC 
the interfacial water bears little net orientation dipole (Fig. 3a), and moreover most of 
water have both distributions of θ and φ centered around 90° (Fig. 3b), indicating these 
water molecules take a geometry with molecular planes nearly parallel to the surface 
(denoted as “parallel” water). At potential -1.34 V vs PZC around the transition between 
Region I and II, a sharp peak at ~140° in the φ distribution is observed, and two sharp 
peaks with similar abundance are found at ~90° and ~160° in the θ distribution, 
corresponding to a water structure with one O-H bond nearly parallel to the surface and 
the other H atom pointing almost straightly down to the surface (denoted as “one-H-
down” water). The observation of the “one-H-down” water is consistent with a previous 
study on gold electrodes using XAS12.  
 
Figure 3 | Potential dependence of the interfacial water structure at the electrified 
Au(111) surface from AIMD simulations. a, The profiles of oxygen density (upper), 
hydrogen density (middle), and dipole orientation of H2O (lower) along the surface 
normal direction z, where the zero corresponds to the position of the metal surface. The 
potentials are referenced to the PZC of Au(111) surface. The curves represent the 
averages of two symmetric interfaces in the EDL models shown in Fig. 2c. b, 
Calculated probability distributions of the angle θ between the O-H bond of water and 
the surface normal (upper) and the angle φ between the water bisector and the surface 
normal (lower) of the interfacial water. Both angles are represented in the insets, and 
the interfacial water is defined as those within 4 angstroms from the metal surface as 
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suggested in the density profiles in a. The results at other potentials are given in 
Supplementary Figs. 6 and 7. 
 
We have further studied how the hydrogen bonding of interfacial water at Au(111) 
surface changes with the applied potential. As shown in Fig. 4, when the potential shifts 
from PZC to -1.34 V vs PZC in Region I, we find that the number of hydrogen bond 
donors (Ndonor) of the interfacial water decreases from ~1.5 to ~1, indicating that the 
interfacial water is gradually turning from the “parallel” to the “one-H-down” 
configuration. The remaining one hydrogen bond donor suggests the interfacial water 
forms hydrogen bond networks with neighbouring water via the parallel O-H bond at -
1.34 V, as shown in the inset of Fig. 4. Due to the presence of the Au(111) surface, the 
water in the first layer, either “one-H-down” or “parallel”, is mostly trihedrally-
coordinated, in line with the observed high Raman intensity of this water (peak 2 in Fig. 
2c). Based on the selection rule and electromagnetic enhancement mechanism14,31, the 
Raman intensity of the “one-H-down” water should be stronger than the “parallel” 
water. Shifting to more negative potentials will reorient “parallel” water to “one-H-
down”, and lead to increase in the Raman intensity, which agrees well with the observed 
intensity change of the trihedrally-coordinated water at -0.29 and -1.3 V vs PZC in Fig. 
2b. As for the tetrahedrally-coordinated water, one would expect a similar change in its 
orientation and thus Raman intensity in response to the potential (peak 1 in Fig. 2c). 
 
Figure 4 | Potential-dependent evolution of hydrogen bond network of interfacial 
water. Calculated number of hydrogen bond donors (Ndonor) of interfacial water 
molecule (red circle) as a function of potential, in comparison to the experimental 
Raman frequency O-H (blue circle). A hydrogen bond is defined when the O-O distance 
is shorter than 3.5 Å and the O-O-H angle less than 35°. The insets show the structure 
models of interfacial water in the corresponding potential regions. 
 
Interestingly, we find that in Region II (-1.3~-1.9 V vs PZC) the interfacial water 
structure, including density distribution, orientation, and Ndonor (Figs. 3 and 4), hardly 
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changes, i.e. all water maintains “one-H-down”. Shifting to even more negative 
potentials, we observe that a fraction of “one-H-down” water starts to reorient to a “two-
H-down” configuration. The latter is featured by the φ angle peaked at ~160° and the θ 
angle peaked only at ~145°. The φ and θ distributions at -2.16 V vs PZC in Fig. 3b 
suggest co-existence of “one-H-down” and “two-H-down” configurations. 
Concurrently, the Ndonor further decreases to ~0.6 at -2.16 V vs PZC, which indicates 
that “one-H-down” and “two-H-down” configurations are of nearly equal abundance at 
this potential, as “one-H-down” water donates one hydrogen bond while “two-H-down” 
water donates none (see the inset of Fig. 4). It is interesting to note that the “two-H-
down” water has dangling O-H bonds, and its appearance at potentials below -1.9 V vs 
PZC coincides with the increase of the intensity of peak 3 at a similar potential range 
in Raman spectra (Fig. 2c). Moreover, the decrease in the number of the “one-H-down” 
(trihedrally-coordinated) water at Region III can explain the decrease in the Raman 
intensity of trihedrally-coordinated water at this potential range. Also, the decrease in 
the Raman intensity of the tetrahedrally-coordinated water to nearly zero at potential -
2.16 V vs PZC is likely to result from the enrichment of Na+ ions at the interface, 
consequently breaking the hydrogen bonds of the tetrahedrally-coordinated water, 
consistent with previous Raman experiments in bulk water20.  
Clearly, the structure changes of interfacial water from AIMD simulations reflect the 
potential dependent trend of the Raman shift of the O-H. In particularly, there exists a 
good correlation between the potential dependence of Ndonor and O-H of the interfacial 
water (Fig. 4), which can be rationalized as follows. It is known that hydrogen bond 
donating can considerably change the O-H of water, in which decreasing of Ndonor can 
induce blue-shift of the O-H32. On the other hand, the Stark effect leads to red-shift of 
the O-H of interfacial water at negatively charged metal surfaces, giving the general 
decreasing trend of the O-H when the potential shifts to negative (Fig. 2e). The Stark 
effect is somewhat compensated by decrease of Ndonor in Region I and III, i.e. smaller 
slopes than that in Region II where Ndonor remains constant. 
To conclude, combining in situ Raman spectroscopy measurements and AIMD 
simulations, we have revealed the evolution of three characteristic water configurations 
(“parallel”, “one-H-down”, and “two-H-down” water) at a well-defined atomically flat 
Au single crystal surface during the potential sweep. The experimentally observed 
potential dependence of the apparent Stark tuning rate of the O-H vibrational frequency 
of the interfacial water can be reproduced by AIMD simulations of electrified interfaces, 
which further demonstrate how such dependence is related to the change of orientation 
and hydrogen bonding of interfacial water in EDL. Our study lays the foundation for 
future exploration of water-related fields, such as photochemistry, surface science, 
energy and materials science. 
 
Methods 
Experimental section  
At first, Au SHINs were prepared according to the reference19 (see supplementary 
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materials for details). The Au single crystal electrodes were Clavilier-type half-bead 
single crystals electrodes. Unreconstructed and island-free Au(111)-(11) and Au(100)-
(11) electrodes were prepared according to the reference33. SEM image of the Au(111) 
electrode surface modified with SHINs is shown in Supplementary Fig. 1a.  
Electrochemical Raman experiments were performed on a LabRam HR800 confocal 
Raman microscope (HORIBA JobinYvon) with a 50 objective. The excitation was 
633 nm from a He-Ne laser (power was ~10 mW). A home-made 
spectroelectrochemical cell was used with a Pt wire counter electrode and a Ag/AgCl 
reference. Before experiments, the electrolyte was deaerated with Ar gas. Meanwhile, 
the ohmic drop in the thin-layer cell at very negative potentials has been compensated 
for each spectrum in the main text and supplementary materials. Finally, all potentials 
are referenced with respect to the corresponding PZC (0.29 and 0.13 V vs. Ag/AgCl for 
Au(111) and Au(100) electrodes, respectively28).   
 
Computational models and methodology 
The Au(111) surface was modeled by a p(4  4) slab with 6 atomic layers, and a 21 
Å water layer was added between the Au slabs to form two symmetric Au(111)/water 
interfaces in a periodic supercell. The EDLs were constructed by inserting Na+ ions at 
~3 Å away from the Au surface (Stern layer). As our models were kept charge neutral, 
the surface charge density can be controlled by varying the number of Na+ ions inserted. 
AIMD simulations were performed by using freely available CP2K/Quickstep34 
package. The Perdew-Burke-Ernzerhof (PBE) density functional35 with the Grimme D3 
dispersion correction was used36. All AIMD models were first pre-equilibrated and then 
run for production periods of over 10 ps.  
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